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[57] ABSTRACT

Solenoid flow control valve having a valve body with a
chamber defined therein and first and second flow
ports; a seat member located within the chamber and
defining a mouth of the first flow port; a plunger longi-
tudinally positionable between a first plunger position in
sealing engagement with the seat member and a second
plunger position spaced from the seat member; a selec-
tively-operable electromagnetic having a core spool
member with the second flow port extending there-
through; two disk springs radially extending from the
plunger to the valve body; and a pole piece having a
base portion affixed to the valve body and a flux receiv-
ing portion positioned between the two disk springs and
radially extending toward the plunger, such that selec-
tive operation of the electromagnet moves the plunger
toward the core spool member to the second plunger
position to form a magnetic circuit through the plunger,
the pole piece, the valve body and core spool member.

12 Claims, 6 Drawing Sheets
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1

SOLENOID FLOW CONTROL VALVE AND
FRICTIONLESS PLUNGER ASSEMBLY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a flow control valve.
In particular, the present invention is directed to a sole-
noid flow control valve having a resiliently-supported
plunger assembly for frictionless operation, which is
capable of consistent sealing, low leakage and long
cycle life.

2. Description of the Prior Art

A variety of valve configurations are available for
controlling fluid flow. One such configuration utilizes a
sliding-fit plunger within the chamber of a valve body.
Typically, the valve body includes an inlet and outlet
port, and a sealing interface against which the sliding-fit
plunger is adapted to engage during operation of the
flow control valve to prevent fluid flow. This sliding-fit
plunger assembly is commonly utilized within conven-
tional solenoid flow control valves.

A conventional solenoid flow control valve includes
an electromagnet having a solenoid coil wrapped
around an open core spool. The core spool includes a
bore hole extending therethrough, the bore hole being
of sufficient diameter to permit substantially uninhibited
sliding movement of the plunger therein. Of course, to
permit such uninhibited movement, an annular gap must
be provided between the plunger and the bore hole such
that the sliding-fit plunger is capable of axial, radial and
rotational movement. With the plunger provided so as
to slide within the bore hole of the core spool, axial
movement of the plunger may then be controlled by
energizing the wire coil to induce a magnetic flux
through the open core spool. In this manner, the sliding-
fit plunger is drawn into the bore hole, and a magnetic
flux path or magnetic circuit is generally established
through the sliding-fit plunger, the core spool, and the
solenoid housing which substantially encloses the wire
coil.

Several embodiments of a solenoid flow control
valve having a sliding-fit plunger assembly include U.S.
Pat. Nos. 4,621,788 issued to Delew et al.; 4,641,072
1ssued to Cummins; 4,655,249 issued to Livet; 4,682,675
issued Eddy, Jr.; 4,691,621 issued to Hall; 4,746,094
issued to Cummins; 4,753,212 issued to Miyaki et al.;
4,765,587 issued to Cummins; 4,782,862 issued to
Nguyen; and 5,015,000 issued to Perini.

Unfortunately, the shding-fit plunger assembly has
proven to inherently limit the design, operation, and
overall service life of conventional solencid control
valves. These limitations are primarily due to the free-
floating movement of the plunger. For example, due to
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the frictional force induced between the outer wall of 55

the plunger and the inner wall of the core spool during
operation of the flow control valve, a greater magnetic
force is required to drive the plunger through the bore
hole. To facilitate this greater magnetic force, a larger
solenoid coil and corresponding solenoid housing are
- typically required.

Another detrimental side effect of the sliding-fit
plunger assembly is the production of wear products or
particulates. These wear products are generated by the
outer wall of the plunger abrasively sliding against the
inner wall of the core spool. Inherently the wear prod-
ucts increase the relative friction between sliding sur-
faces of the plunger and core spool, thus further necessi-
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tating a larger solenoid coil assembly. Likewise, as the
wear products progress through the flow control valve,
they tend to interfere with the sealing interface of the
valve so as to create leakage risks, and may eventually
become lodged between moving surfaces of the valve,
thus rendering the valve inoperative.

Additionally, the sliding-fit plunger’s freedom of
radial and rotational movement typically results in the
degradation of the sealing interface. Due to the annular
gap between the plunger and the bore hole, the sliding-
fit plunger is not capable of consistent alignment with
the sealing interface from one cycle to the next. As a
result, inconsistent overlying seal impressions are cre-
ated in the sealing interface, which leads to seal wear
and subsequent leakage of the valve. |

T'o reduce friction between the sliding-fit plunger and
the bore hole of conventional solenoid flow control
valves, lubricants are frequently required. However,
due to the risk of contaminating the fluid flow which is
intended to be controlled by the valve, the use of lubri-
cant is often.precluded. Of course without the desired
lubricant, the operation and service life the solenoid
valve are severely impaired.

Due to these limits in design, operation, and service
life, it is well recognized that conventional solenoid
flow control valves are inadequate for use in the pulse
width modulation servocontrol field. Pulse width mod-
ulation requires the rapid high-speed continuous cy-
cling of the flow control valve. Clearly, the inherent
risks and limitations of the conventional solenoid valve,
as discussed above, limit its use in the pulse width mod-

‘ulation field if sufficient lubricant coatings or plating are

not provided on the plunger or the coil to reduce fric-
tion and galling.

SUMMARLRY OF THE INVENTION

The general object of the invention is to provide a
valve for controlling fluid flow, which is capable of
consistent sealing, low leakage and high cycle life, as
well as more accurate and consistent plunger response
times.

Another object of the invention is to provide a flow
control valve having a frictionless plunger assembly,
which is capable of controlling either liquid or gaseous
fluid flow media without requiring lubrication.

A further object of the invention is to provide a flow
control valve having a frictionless plunger assembly,
which is compatible in the pulse width modulation ser-
vocontrol field, and is capable of controlling an ex-
tended range of fluid flow and providing greater accu-
racy in response times during both opening and closing
functions.

Additional objects and advantages of the invention
will be set forth in part in the description which follows,
and in part will be obvious from the description, or may
be learned by practice of the invention. The objects and
advantages of the invention will be realized and ob-
tained by means of the elements in combinations partic-
ularly pointed out in the appended claims.

'To achieve the objects and in accordance with the
purpose of the invention, as embodied and broadly
described herein, the invention includes a flow control
valve having a valve body with a chamber defined
therein. The valve body has a first flow port and a
second flow port, both fluidly communicating with the
chamber. A seat member is located on the valve body
within the chamber, the seat member defining a mouth
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of the first flow port. A plunger is provided within the
chamber, the plunger being positionable along a longi-
tudinal axis extending through the mouth of the first
flow port. More specifically, the plunger is positionable
between a first plunger position in sealing engagement 3
with the seat member to prevent flow through the first
flow port and a second plunger position spaced from
the seat member to permit flow through the first flow
port. The flow control valve of the present invention
further includes means for supporting the plunger in
alignment with the longitudinal axis as the plunger is
moved between the first plunger position and the sec- |
ond plunger position. The supporting means is con-
nected to and radially extends from the plunger to the
valve body. The present invention also includes means
for selectively positioning the plunger from the first
plunger position to the second plunger position, the
positioning means being independent of the supporting
means.

As preferably embodied in the flow control valve of 2°
the present invention, the valve body and the plunger
are made of magnetically-permeable material. The posi-
tioning means includes a pole piece made of magnetical-
ly-permeable material affixed to the valve body within
the chamber proximate to and spaced from the plunger.
A selectively-operable electromagnet is located along
the longitudinal axis of the adjacent plunger, such that
selective operation of the selectively-operable electro-
magnet moves the plunger toward a portion of the
selectively-operable electromagnet to the second
plunger position to form a magnetic circuit through the
plunger, the pole piece, the valve body and the portion
of the selectively-operable magnet. Likewise, the sup-
porting means includes two disk springs radially-
extending from the plunger to the valve body, with at
least a portion of the pole piece positioned between the
two disk springs.

It 15 to be understood that both the foregoing general
description and the following detailed description are
exemplary and explanation only and are not restrictive
of the invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated 1 and constitute a part of this specification, illus-
trate various embodiments of the invention, and to-
gether with the description, serve to explain the princi-
ples of the invention.

FIG. 1 is a schematic cross-sectional side view of a sq
representative embodiment of the flow control valve of
the present invention.

FIG. 2A 1s an enlarged cross-sectional side view of
the plunger biased to the first plunger position to pre-
vent flud flow.

FIG. 2B 1s an enlarged cross-sectional side view of
the plunger moved to the second plunger position to
permit fluid flow.

FIG. 3 1s a front view of one embodiment of the disk
spring of the present invention.

FIG. 4 1s a cross-sectional orthogonal view of the
flow control valve schematically showing the magnetic
circuit.

FIG. § is a schematic cross-sectional side view of two
of the flow control valves of the present invention con- 65
nected in series.

FIG. 6 is a schematic cross-section side view of an
alternate representative embodiment of the flow control
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valve of the present invention having three-way pas-
sage.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A. The Apparatus

Reference will now be made in detail to the presently
preferred embodiment of the invention, an example of
which is illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or
like parts.

The function of a flow control valve is to control the
flow of a fluid media through corresponding system
piping. In accordance with the present invention, the
flow control valve of the present invention is capable of
controlling etther hiquid or gaseous media, particularly
where quick response, long life, and dynamic stability
are essential. The flow control valve made in accor-
dance with the present invention includes a valve body
having a chamber defined therein. The valve body of
the present invention includes a first flow port and a
second flow port; both the first flow port and the sec-
ond flow port fluidly communicating with the chamber.

With initial reference to FIG. 1, the flow control
valve, as generally designated by reference character
10, essentially comprises a hollow valve body 12 which
substantially encapsulates the operative components of
the present invention. As embodied herein, the valve
body 12 includes a longitudinally-extending tubular
member 20 generally defined by first end 22, a second
end 24, and a longitudinally-extending center axis 26.
Preferably, the tubular member 20 is generally cylindri-
cal in shape. Further, it is preferred that the tubular
member 20 be light weight, yet durable, so as to with-
stand anticipated vibrational forces. Generally, and as
determined through extensive evaluation, weight re-
duction may best be facilitated by reducing the outer
diameter of the tubular member 20 to minimize the
corresponding wall thickness, and by reducing the
overall length of the tubular member 20.

An end cap 30 is secured to the first end 22 of the
tubular men%her 20 in a sealing manner. As seen in
FI1G. 1, the end cap 30 includes the first flow port 16
extending therethrough. In the preferred embodiment,
the first flow port 16 is axially aligned with the center
axis 26 of the tubular member 20. The second end 24 of
the tubular member 20 is also enclosed in a sealing man-
ner. As will be discussed in greater detail below, a core
spool member 82 is provided in sealing engagement
with the second end 24 of the tubular member 20 such
that the chamber 14 is substantially defined by the tubu-
lar member 20, the end cap 30 and the core spool mem-
ber 82. Further, the core spool member 82 preferably
includes the second flow port 18 extending there-
through. In the preferred embodiment, the second flow
port 18 1s also axially aligned with the center axis 26 of
the tubular member 20.

The flow control valve of the present invention may
be 1nstalled in a fluid piping system either with the first
flow port operating as the inlet to the valve body, or
with the second flow port 18 operating as the inlet. For
exemplary purpose only, the preferred embodiment of
flow control valve 10 presented hereinafter reflects the
second flow port 18 being utilized as the valve inlet,
with the first flow port 16 operating as the valve outlet.

Further 1n accordance with the present invention, a
seat member 1s located on the valve body within the
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chamber, such that the seat member defines a mouth of
the first flow port. As seen in FIG. 1, the seat member
32 1s formed on the end cap 30 to define at least a por-
tion of the first flow port 16. More specifically, the seat
member 32 defines the mouth 34 of the first flow port 16
with the longitudinal axis 36 extending therethrough.
Preferably, the longitudinal axis 36 is axially aligned
with the center axis 26 of the tubular member 20. As
evident in FIGS. 2A and 2B, the seat member 32 in-
cludes a lip extension 33 which extends inwardly into
the chamber 14 to define the peripheral edge of the
mouth 34.

As seen in FIGS. 1, 2A and 2B, the seat member may
be provided as a separate piece which is adapted to be
attached to the end cap 30. Although a variety of mate-
rials may be utilized for forming the seat member 32 as
a separate piece, it is preferable to utilize tetrafluoroeth-
ylene (Teflon) for very low seat leakage characteristics.
Due to its durability, both wear products and seal im-
pressions are minimized by the Teflon construction.
Further, since Teflon is compatible with flumerous very
corrosive fluids, the use of this material enables the
valve of the present invention to be utilized with a
greater variety of fluid media. Of course, it should be
understood that in an alternative embodiment, the seat
member 32 and the end cap 30 may be integrally formed
as a single piece. For example, the end cap 30 itself may
be machined from steel stock or the like to include the
mouth-defining lip extension 33. |

In accordance with the present invention, a plunger is
provided within the chamber of the valve body. The
plunger is positionable along the longitudinal axis
which extends through the mouth of the first flow port.
In this manner, the plunger is positionable between a
first plunger position in sealing engagement with the
seat member, and a second plunger position spaced
from the seat member. The first and second plunger
positions are best demonstrated by FIGS. 2A and 2B,
respectively. It should be understood that when in the
first plunger position, the plunger 40 prevents flow
through the first flow port 16. Likewise, when the
plunger 40 is in the second plunger position, fluid flow
1s permitted through the first flow port 16.

As seen in FIGS. 1, 2A and 2B, and as embodied
herein, the plunger 40 of the present invention is sub-
stantially a solid member 42 having a first surface 44 for
sealing engagement with the seat member 32. More
specifically, the first surface 44 is adapted to abut
against the lip extension 33 of the seat member 32 when
the plunger 40 is in the first plunger position. In this
manner, the mouth 34 of the first flow port 16 is ob-
structed to prevent the flow of fluid therethrough. Op-
posite the first surface 44, the plunger 40 includes a
second surface 46. A peripheral side surface 48 extends
between the first surface 44 and the second surface 46 of
the plunger 40.

In the preferred embodiment of the present invention,
the first surface 44 of the plunger 40 is defined by an
extension 50 having a side wall 52 and a sealing surface
4. Further included within the sealing surface 54 of the
first surface extension 50 of the preferred embodiment
of the plunger 40 is a retaining cavity 56. The retaining
cavity 56 is adapted to hold a seal member insert 58. In
the preferred embodiment, a retainer ring 57 is provided
for securing the seal member insert 58 within the retain-
ing cavity 56, and the seal member insert 58 is posi-
tioned for sealing engagement with the seat member 32
when the plunger 40 is moved to the first position. Pref-

3

10

15

20

25

30

35

43

20

335

65

6

erably, the seal member insert 58 is made of Teflon for
very low seat leakage characteristics, and, if desired, the
seal member insert 58 may be detachable from the re-
taining cavity 56 for easy replacement to prevent exces-
sive wearing and to extend the life of the plunger 40.

As will be discussed in greater detail below, the
plunger 40 also includes a through port 49 extending
from its second surface 46 to the side wall 52 of the first
surface extension 50. See FIGS. 1, 2A, 2B and 3. This
through port 49 prevents the build-up of excessive back
pressure on the second surface 46 when the plunger 40
is in the first plunger position, and facilitates the flow of
fluid through the control valve when the plunger 40 is
moved to the second plunger position.

To maintain alignment with the longitudinal axis,
means are provided for supporting the plunger as the
plunger 1s moved between the first plunger position and
the second plunger position. In accordance with the
present invention, the supporting means is connected to
and radially extends from the plunger to the valve body.
As embodied herein, the supporting means is provided
by connecting a spring assembly 60 to the plunger 40.
See FIGS. 1, 2A, 2B and 4. The spring assembly 60
resiliently supports the plunger 40 within the chamber
14 1n alignment with the longitudinal axis 36, as well as
provides a frictionless guide for longitudinal positioning
of the plunger 40. Likewise, the spring assembly 60
provides both high radial stiffness and rotational rigid-
ity to ensure consistent sealing alignment between the

first surface 44 of the plunger 40 and the seat member
32, as discussed below.

Preferably, the spring assembly 60 of the present
mvention includes a disk spring configuration. While it
1s envisioned that a single disk spring 62 may be utilized
to support and align the plunger 40 within the chamber
14, it is preferred that at least two spaced-apart disk
springs 62 be utilized. FIG. 3 shows a front view of a
preferred embodiment of one disk spring 62 of the pres-
ent invention. Generally, each disk spring 62 of the
preferred embodiment includes an outer peripheral
member 64, an inner cuff member 66 and a plurality of
“S-shaped” resilient members 68 extending therebe-
tween, as seen in FIG. 3. Further, and as will be dis-
cussed below, it is preferred that at least one disk spring
62 1s preloaded to bias the plunger 40 toward the seat
member 32 into the first plunger position.

‘The outer peripheral member 64 may be attached
directly to the inner wall of the tubular member 20, or
to an intermediate member positioned therebetween, as
will be discussed further, below. Likewise, the plunger
40 1s attached to and supported within the cuff member
66 of each disk spring 62. While a variety of means may
be utilized for attaching each disk spring 62 to the
plunger 40 and the valve body 12, it is preferable to
uttlize electron beam welding or similar secure attach-
ing means. The S-shaped members extending between
the outer peripheral member 64 and the cuff member 66
of each disk spring 62 enhance the resiliency of the disk
spring 62, as well as provide the plunger 40 with both
rotational and radial stability.

Various methods within the knowledge and under-
standing of one of ordinary skill in the art may be uti-
lized in manufacturing the disk spring 62 of the present
invention. In the preferred embodiment, the disk spring
62 is etched from a flat sheet stock of corrosive resistant
spring material to prevent residual stress typically re-
lated to other manufacturing processes. Stainless steel is
utilized to take advantage of its corrosion resistant char-
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the flow control valve. Typically, the flat sheet stock

will have a thickness between about 1/100 and 1/20 of

an inch, although the precise thickness will depend
upon the design capacity of the flow control valve.

As previously mentioned, it is preferred that at least
two spaced-apart disk springs 62 be utilized for support-
ing and aligning the plunger 40 within the chamber 14
of the valve body 12. As best seen in FIGS. 2A and 2B,
the two spaced apart disk springs 62 substantially pro-
vide a “guiding four bar linkage system” for stable,
precision movement of the plunger 40 along the longitu-
dinal axis 36. That is, the two spaced-apart disk springs
62 apply a substantially-uniform radial force along Op-
posite ends of the plunger 40, so as to continually main-
tain both the first surface 44 and the second surface 46
of the plunger 40 in substantially perpendicular align-
ment with the longitudinal axis 36. Thus, a four bar
linkage effect is created, such that the plunger 40 is free
to travel along the longitudinal axis 36 while rotational
and radial movement of the plunger 40 is prohibited.

To assemble the four bar linkage system of the two
spaced part disk springs 62, it is preferred that a first
disk spring 62 is attached to the plunger 40 proximate
the first surface 44 of the plunger 40, while a second
disk spring 62 is attached proximate the second surface
46 of the plunger 40. As previously mentioned, the disk
springs 62 are preferably attached to the plunger 40 by
welding or the like; however, clamping, fasteners or
“snap-fit-type” connections may likewise prove suffi-
cient. It is noted that FIGS. 1, 2A and 2B show the first
surface extension 50 of the plunger 40 extending beyond
the location at which the first disk spring 62 is attached
to the plunger 40. In this manner, the through port 49
extending through the plunger 40 opens to the chamber
14 between the first disk spring 62 and the sealing sur-
face 54 of the first surface extension 50.

FIGS. 2A and 2B schematically present the operation
of the flow control valve 10 having two spaced-apart
disk springs 62. FIG. 2A shows the plunger 40 in the
first plunger position with the first surface 44 of the
plunger 40 1n abutting and sealing engagement with the
seat member 32. As previously mentioned, it is pre-
ferred that at least one of the disk springs 62 is pre-
loaded to bias the plunger 40 toward the seat member 32
into the first plunger position to prevent fluid flow
through the first flow port 16; i.e., valve-closed safety
position. In the preferred embodiment, both disk springs
are preloaded. FIG. 2B shows the plunger 40 in the
second plunger position with the flow control valve 10
opened. It is evident that the force required to open the
valve must be sufficient to overcome the biasing force
of the preloaded disk spring 62. Further evident from
FIGS. 2A and 2B, is the lack of any sliding or frictional
surfaces between the plunger 40 and any internal sur-
face of the valve body 12. Thus, frictional forces and
the resulting detrimental effects of wear products are
eliminated.

Means are also provided for selectively positioning
the plunger from the first plunger position to the second
plunger position. In accordance with the present inven-
tion, this positioning means is independent of the sup-
porting means. More specifically, and as embodied
herein, the present invention relates to a solenoid-type
flow control valve 10. The positioning means includes a
selectively-operable magnet 80 located along the longi-
tudinal axis 36 adjacent the plunger 40, such that selec-
tive operation of the selectively-operable magnet 80
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moves the plunger 40 toward a predetermined portion
of the selectively-operable magnet 80 to the second
plunger position.

It is presently preferred that an electromagnet 80 be
utilized as the positioning means, although it is envi-
sioned that alternate embodiments of a selectively-oper-
able magnet either are or may become available due to
the anticipated future advancements in the art. The
selectively-operable electromagnet 80 of the present
invention includes a magnetically-permeable core spool
member 82 encircled by a solenoid coil assembly 83. A
variety of solenoid coil assemblies are known to be
conventional in the art; however, the preferred embodi-
ment utilizes a dual copper wire coil configuration to
enhance reliability in the event one of the wire coils
should later prove inoperable. Inherently, when a cur-
rent 1s applied through the wire coil assembly 83, an
electromagnetic force is generated. Of course, in order
to utilize an electromagnet 80 as the positioning means,
the flow control valve of the present invention must be
capable of sustaining a closed magnetic circuit or flux
path.

In part, this magnetic circuit is provided by manufac-
turing the plunger 40 and the valve body 12 from mag-
netically-permeable material. To close the magnetic
circuit, and further in accordance with the present in-
vention, the positioning means includes a pole piece 70
made of magnetically-permeable material affixed to the
valve body 12 within the chamber 14 proximate to and
spaced from the plunger 40. In this manner, and as best
seen in FIG. 4, the magnetic flux, generally designated
by the reference character M, is carried through the
plunger 40, the pole piece 70, the valve body 12, and the
core spool member 82 when the electromagnet 80 is
energized. The current for energizing the electromag-
net 80 1s provided to the solenoid coil assembly 83
through convention power supply means 89, as seen in
FIGS. 1 and 4.

As embodied herein, the pole piece 70 is positioned
adjacent the spring assembly 60 which is used for sup-
porting the plunger 40. In particular, and as provided in
the preferred embodiment of the present invention, the
pole piece 70 is positioned between the two spaced-
apart disk springs 62 which comprise the spring assem-
bly 60. In this manner, the exposed surface area of the
pole piece 70 which is proximate the peripheral side
surface 48 of the plunger 40 may be sized for the opti-
mum magnetic flux density without adversely affecting
the longitudinal resiliency or rotational and radial sta-
bility of the plunger 40, as provided by the two disk
springs 62.

In the preferred embodiment, the pole piece 70 in-
cludes a base portion 72 for affixing the pole piece 70 to
the valve body 12, and a flux-receiving portion 74 ex-
tending radially toward the plunger 40. As best seen in
FIGS. 1, 2A and 2B, the two disk springs 62 are prefera-
bly attached to the base portion 72 of the pole piece 70
with the flux-receiving portion 74 of the pole piece 70
positioned therebetween. Again, the two disk springs 62
may be attached to the pole piece 70 by welding, clamp-
ing, fasteners, or a “snap-fit” connection, if desired.

It 1s further preferred that the pole piece 70 be config-
ured to substantially surround the peripheral side sur-
face 48 of the plunger 40 so as to optimize the magnetic
flux density. In this manner, the capacity of the flow
control valve of the present invention is not limited by
magnetic saturation of the pole piece. That is, the resil-
iency of the disk springs 62 are maintained while a pole
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piece 70 of larger thickness may be utilized to reduce
the flux density to a level consistent with the flux carry-
ing capability of the magnetically-permeable material
selected. Thus, the range of capacity in which the flow
control valve is capable of accommodating may be
greatly enhanced.

Preferably, the flux-receiving portion 74 includes
openings 76 extending therethrough, such that back
pressure against the second surface 46 of the plunger 40
may be minimized when the plunger 40 is in the first
plunger position. That is, and in addition to the through
port 49 provided in the plunger 40, fluid flow may pass
between the S-shaped resilient members 68 of the disk
springs 62 and through the openings 76 provided in the
pole piece 70 to fill the chamber 14 and eliminate exces-
sive back pressure when the plunger 40 is in the first
plunger position.

As seen 1in FIG. 1, the selectively-operable electro-
magnet 80 is substantially positioned within the second
end 24 of the tubular member 20. Preferably, the mag-
netically-permeable core spool member 82 of the selec-
tively-operable electromagnet 80 is axially aligned with
the center axis 26 of the tubular member 20 and the
longitudinal axis 36 extending through the mouth 34 of
the first flow port 16. The core spool member 82 in-

cludes a first end 84 and a second end 86. The first end

84 of the core spool member 82 is positioned adjacent
the second surface 46 of the plunger 40. The core spool
member 82 includes a support member 85 made of mag-
netically-nonpermeable material extending radially

from the first end 84 and adapted for sealing engage-
ment with the valve body 12. In this manner, the cham-

ber 14 within the valve body 12 is defined by the end
cap 30, the inner wall of the tubular member 20, and the
magnetically-nonpermeable support member 85.
Further, by manufacturing the support member 85
from magnetically-nonpermeable material, the mag-
netic flux path M is substantially forced through the
plunger 40-and the pole piece 70, rather than allowing
the magnetic flux path M to pass through the support
member 85. That is, the magnetically-nonpermeable
support member 85 prevents “short circuiting” of the
selectively-operable electromagnet 80 and ensures
proper operation of the solenoid flow control valve 10.
In the preferred embodiment of the present invention,
the second flow port 18 extends longitudinally through
the core spool member 82 of the selectively-operable
electromagnet 80. As seen in FIGS. 1 and 4, the second
flow port 18 is thereby axially aligned with the through
port 49 which extends through the plunger 40. This
enables unobstructed fluid flow through the flow con-
trol valve 10 of the present invention when the plunger
40 1s 1n the second plunger position. Further, a flange 87
of magnetically-permeable material preferably inte-
grally extends from the second end 86 of the core spool
member 82 for attaching the core spool member 82 to
the second end 24 of the tubular member 20 and for
maintaining the axial alignment of the core spool mem-
ber 82.
Preferably, a spacer member 88 made of magnetical-
-~ ly-nonpermeable material is located between the
plunger 40 and the first end 84 of the core spool member
- 82. See FIGS. 1 and 4. The spacer member 88 precludes
direct contact between the second surface 46 of the
plunger 40 and the first end 84 of the core spool member
82 as the plunger 40 moves toward the core spool mem-
ber 82 when the selectively-operable electromagnet 80
is energized. In this manner, the plunger 40 will not be
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held in the second plunger position after the selectively-
operable electromagnet 80 is de-engergized due to the
residual flux in the electromagnet from the first end 84
of the core spool member 82. Similarly, additional shims
78 made of magnetically-nonpermeable material may
also be provided for a precision positioning of the pole
piece 70 between the end cap 30 and the magnetically-
nonpermeable support member 85.

The flow control valve of the present invention will
be further clarified by the following example, which is
intended to be purely exemplary of the invention. Any
reasonable combination of dimensions or materials may
be used 1n the design of the flow control valve. It should
be noted, however, that it is anticipated that the flow
control valve of the present invention will typically be
custom designed to specifically satisfy the unique fluid
flow requirements, electrical demands and environmen-
tal conditions of the system in which the valve’s appli-
cation is mtended.

One exemplary embodiment of the solenoid flow
control valve which resembles that of FIG. 1 was de-
veloped for use in a bipropellant thruster system for
controlling monomethyl hydrazine and nitrogen tetrox-
ide media with a normal operating pressure between
about 20 and 300 psi, and a maximum operating pressure
of about 400 psi. The design flow rate for the flow
control valve was about 0.01 1b/sec H,O at 20 psid max.
and 70° ¥. However, the flow control valve was re-
quired to operate at temperatures between about 0° F.
and 250° F., while exposures as low as about —65° F.
were anticipated.

Referring now to FIG. 1, the overall length of the
tubular member 20 for the flow control valve designed
for the above-described system is about 1.25 in.; the
overall length of the core spool member 82 is about 1.0
in.; the overall length of the plunger 40 including the
first surface extension S0 is about 0.4 in.; the approxi-
mate thickness of each disk spring is about 0.01 in. and
the overall length of the base portion 72 of pole piece 70
1s about 0.25 in., while that of the flux-receiving portion
74 is about 0.15 in. The inner diameter of the tubular
member 20 ranges between about 1.1 in. at the first end
22 and 1.0 in. at the second end 24; the outer diameter of
the plunger 40 is about 0.5 in.; the inner diameter of the
main portion of the through port 49 is about 0.13 in.; the
inner diameter of the mouth of the first flow port 16 is
about 0.03 1n.; and the inner diameter of the second flow
port 18 is about 0.13 in.

The materials of construction of the exemplary em-
bodiment of the flow control are as follows. The mag-
netically-permeable tubular member 20 is manufactured
from 430 CRES; the magnetically-permeable core spool
member 82 is manufactured from 430 CRES; the mag-
netically-nonpermeable end cap 30 is manufactured
from 304L CRES; the magnetically-permeable plunger
40 1s manufactured from 430 CRES; the seal member
insert 58 1s manufactured from Teflon; the disk springs
62 are manufactured from 17-7PH CRES; the magneti-
cally-permeable pole piece 70 is manufactured from 430
CRES; the magnetically-nonpermeable support mem-

‘ber 85 1s manufactured from 321 CRES; and the mag-

netically-nonpermeable spacer member 88 is manufac-
tured from 316L CRES. With the dimensions and mate-

rials of construction as discussed, the exemplary em-
bodiment of the flow control valve had an overall
weight of approximately 0.7 Ibs.

Operationally, the exemplary embodiment of the
flow control valve for the above-described system is
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capable of less than ten (10) millisecond response for
opening and closing, regardless of the operating condi-
tion. To ensure proper closure of the flow control valve
during high-vibration conditions, the disk springs are
provided with a preload of about 0.8 Ibs. Accordingly,
the electrical requirements for the dual copper wire coil
assembly 1s between about 22 and 35 VDC. It should be
noted that while the design life for this exemplary em-
bodiment of the flow control valve is about one million
cycles, the actual operating life of existing prototypes of
similar construction have proven to exceed 150 million
cycles.

Of course, numerous modifications of the present
Invention are anticipated. For example, and in accor-
dance with another aspect of the present invention, a
replacement device for flow control valves comprises
the spring assembly 60 and the pole piece 70 discussed
in detail above. The replacement device is best envi-
sioned by FIGS. 2A and 2B. Generally, the spring as-
sembly 60 is adapted to be connected to and radially
extend from the plunger 40 to the valve body 12 for
supporting the plunger 40 in alignment with the longitu-
dinal axis 36 as the plunger 40 is moved between the
first plunger position and the second plunger position.
Likewise, the pole piece 70 is made of magnetically-
permeable material and is adapted for attachment to the
valve body 12 within the chamber 14 proximate to and
spaced from the plunger 49, at least a portion of the pole
piece 70 adapted to be positioned adjacent the spring
assembly 60, such that selective operation of the elec-
tromagnet 80 moves the plunger 40 toward the core
spool member 82 to the second plunger position to form
a magnetic circuit with the plunger 40, the pole piece
70, the valve body 12 and the core spool member 82. In
this manner, the end cap 30 of a flow control valve may
be removed, and the existing plunger 40 assembly re-
placed with the device of the present invention. This
would simplify repair of the flow control valve, and
enable modification of the flow control valve to vary
flow capacity.

It 1s also anticipated that the flow control valve of the
present invention may be utilized in series with similar
flow control valves to enhance performance, reliability
and safety. One such example of the series operation of
the flow control valves 10 is shown in FIG. 5.

Another anticipated modification of the flow control
valve of the present invention includes providing a third
flow port independent of the first and second flow ports
and fluidly communicating with the chamber to permit
three-way passage of a fluid media for three-way valve
operation. As seen in FIG. 6, and further embodied
herein, the third flow port 119 of the modified three-
way valve 110 is best defined by a plurality of flow
ports extending parallel to the first flow port 116 and
fluidly communicating with the chamber 114. Gener-
ally, it is anticipated that the modified three-way valve
110 would be utilized such that the first flow port 116
operates as the valve inlet and the second flow port 118
operates as a vent return, while the third flow port 119
operates as the outlet.

With the wire coil assembly 183 of the selectively-
operable magnet 180 de-energized, the plunger 140 is
biased into the first plunger position so as to the engage
the seat member 132. In this manner, fluid media is
prevented from entering the valve, while any fluid
media remaining in the chamber 114 exits either
through the third flow port 119 or is exhausted through
the second flow port 118. This three-way valve ar-

10

15

20

25

30

35

45

50

35

65

12

rangement may be utilized for pulse width modulation
of a pneumatic system to rapidly cycle the third flow
port 119 between atmosphere and a pressurized load.
Upon energizing the wire coil assembly 183, the
plunger 140 is drawn toward the first end 184 of the
core spool member 182 and into the second plunger
position with the plunger 140 spaced from the seat
member 132. Unlike the first embodiment of the flow
control valve of the present invention, and as seen in
FIG. 6, no spacer member is provided between the
second surface 146 of the plunger 140 and the first end
184 of the core spool member 182. Rather, the seal
member insert 158 extends axially through the plunger
140 to provide a second sealing surface 154. The second
sealing surface 154 is adapted for sealing engagement
with the first end 184 of the core spool member 182 to

‘prevent fluid flow through the second flow port 118. In

this manner, fluid media which is permitted to enter the
chamber 114 through the first flow port 116 of the
control valve is then directed through the control ports
until the solenoid coil assembly 183 is de-energized and
the plunger 140 returns to the first plunger position.

B. Use and Operation

With the structure of the flow control valve, as set
forth above, the use and operation of the flow control
valve of the present invention may now be understood.
Due to its unique design, the flow control valve of the
present invention is suited for both liquid and gaseous
media, particularly in applications where high response,
long life, and dynamic stability is essential. It is antici-
pated that the applications of the flow control valve
may include fuel, gas, and other hydraulic fluid media.
In discussing the operation of the flow control valve of
the present invention, reference will be made to the
preferred embodiment of FIGS. 1, 2A, 2B, 3 and 4;
however, the operation of alternate embodiments of the
present invention will be recognized by one of ordinary
skill in the art as being substantially similar.

Preferably, the flow control valve of the present
invention is installed in the selected fluid piping system
with the second flow port utilized as the valve inlet and
the first flow port as the valve outlet. The discussion of
the operation of the flow control valve of the present
mvention will be directed accordingly. Of course, it
should be understood that the flow control valve may
alternatively be installed in a fluid piping system such
that the first flow port operates as the inlet to the valve
body.

With the solenoid coils de-energized, the preload of
the disk springs 62 biases the plunger 40 toward the first
plunger position such that the seal member insert 58
retained within the first surface extension 50 of the
plunger 40 engages the lip extension 33 of the seat mem-
ber 32 in an abutting and sealing manner. Initially, fluid
flow enters the valve body 12 through the second flow
port 18, which extends through the core spool member
82 of the selectively-operable magnet 80 assembly.
Upon entering the chamber 14, as defined by the end
cap 30 and the magnetically-nonpermeable support
member 85, the fluid flow may then travel either
through the through port 49 of the plunger 40, or pass
between the resilient S-shaped members of the disk
springs 62 and then through the openings 76 in the pole
piece 70 or between the plunger 40 and the pole piece
70. In this manner, the entire chamber 14 is capable of
being filled with the fluid media. Of course, upon filling
the chamber 14, the fluid flow is then precluded from
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passing through the first flow port 16 due the plunger 40
being in sealing engagement with the seat member 32.

To permit the fluid flow through the first flow port
16, a current is selectively applied through the power
supply means 89 to the wire coil assembly 83 of the S5
selectively operable magnet 80. Energizing the solenoid
coll assembly 83 inherently generates a magnetic flux M
through the core spool member 82 toward the plunger
40, as best seen in FIG. 4. The electromagnetic force
associated with the magnetic flux M draws the magneti- 10
cally-permeable plunger 40 toward the first end 84 of
the core spool member 82. In this manner, the seal mem-
ber insert 58 lifts off the seat member 32 as the plunger
40 moves to the second plunger position to permit flow
through the first flow port 16. 15

The magnetically-permeable plunger 40 continues to
travel toward the first end 84 of the core spool member
82 until it engages the magnetically-nonpermeable
spacer member 88. With the through port 49 of the
plunger 40 axially aligned with the second flow port 18,
the fluid media travels through the valve body 12 in an
unobstructed manner. Likewise, with the plunger 40 in
the second plunger position so as to be proximate to and
slightly spaced from both the first end 84 of the core 55
spool member 82 and the flux-receiving extension por-
tion of the pole piece 70, a magnetic circuit is provided.
That is, and as best seen in FIG. 4, the magnetic flux M
passes from the core spool member 82 to the plunger 40,
and then through the pole piece 70 into the valve body
12, 1.e., solenoid housing, and back through the flange
87 of the core spool member 82.

To close the flow control valve of the present inven-
tion, the solenoid wire coil is simply de-energized. The
magnetic flux M extending from the core spool member 35
82 ceases, and the plunger 40 returns to the first plunger
position due to the bias of the preloaded disk springs 62.

It 1s further noted that the magnetically-nonpermeable
spacer member 88 prevents the plunger 40 from being
held in the second plunger position against the first end 4,
84 of the core spool member 82, even when residual
magnetic flux exists. Likewise, by annealing the mag-
netically permeable materials, residual magnetism is
further reduced and permeability is improved.

The flow control valve of the present invention has 45
proven useful and effective for bipropellant thrust con-
trol 1n space application. This is particularly notewor-
thy since conventional solenoid flow control valves are
typically madequate in applications which require the
use of hard elastomer or plastic sealing materials, as sg
well as when the use of lubricant coatings or plating are
generally prohibited.

Similarly, it is anticipated that the demonstrated ex-
cellent dynamic stability of the flow control valve of
the present invention will prove useful in the pulse 55
width modulation servocontrol field. As opposed to the
existing analog servovalves, the flow control valve of
the present invention, in combination with a digital
control system, can provide proportional control at a
significantly reduced level of cost. Hence, this technol- 60
ogy 1s suited for any equipment requiring stable, respon-
sive, repeatable or remote operation at an extremely
favorable cost. In particular, it is anticipated that future
applications will include aircraft brake systems, fuel
control, active suspensions, dynamic ship board propel- 65
ler shaft stabilization, and any other high reliability,
high response fluid control application. The high speed,
long life solenoid valve of the present invention offers
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the advantage of direct digital control, low cost, and
moderate filtration with little maintenance required.

It will be apparent to those skilled in the art that
various modifications and variations can be made in the
design of the flow control valve of the present invention
and in construction of the apparatus without departing
from the scope or spirit of the invention.

Other embodiments of the invention will be apparent
to those skilled in the art from consideration of the
specification and practice of the invention disclosed
herein. It is intended that the specification and examples
be considered as exemplary only, with a true scope and
spirit of the invention being indicated by the following
claims.

What is claimed is:

1. A valve for controlling fluid flow comprising:

a valve body made of a magnetically-permeable mate-
r1al having a chamber defined therein, the valve
body including a first flow port and a second flow
port, both the first flow port and the second flow
port fluidly communicating with the chamber;

a seat member located on the valve body within the
chamber, the seat member defining a mouth of the
first flow port;

a plunger provided within the chamber, the plunger
being made of a magnetically-permeable material
and positionable along a longitudinal axis extend-
ing through the mouth of the first flow port, such
that the plunger is positionable between a first
plunger position in sealing engagement with the
seat member to prevent flow through the first flow
port and a second plunger position spaced from the
seat member to permit flow through the first flow
port,

wherein the plunger includes a first surface having an
extension defined by a side wall and a sealing sur-
face for sealing engagement with the seat member
when the plunger is in the first plunger position, a
second surface opposite the first surface, and a
peripheral side surface extending between the first
surface and the second surface, the plunger further
having a through port extending therethrough
from the second surface of the plunger to the side
wall of the extension;

means for supporting the plunger in alignment with
the longitudinal axis as the plunger is moved be-
tween the first plunger position and the second
plunger position, the supporting means connected
to and radially extending from the plunger to the
valve body;

means for selectively positioning the plunger from
the first plunger position to the second plunger
position, the positioning means being independent
of the supporting means and including
a pole piece made of magnetically-permeable mate-

rial affixed to the valve body within the chamber
proximate to and spaced from the plunger, and
a selectively,operable electromagnet having a mag-
netically-permeable core spool member located
along the longitudinal axis adjacent the plunger,
wherein selective operation of the selectively-
operable electromagnet moves the plunger
toward the core spool member to the second
plunger position to form a magnetic circuit
through the plunger, the pole piece, the valve
body, and the core spool member, and further
wherein the second flow port of the valve ex-
tends longitudinally through the core spool
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member and is axially aligned with the through
port extending through the plunger for unob-
structed flow through the second flow port
when the plunger is in the second plunger posi-
tion;
and
a spacer member of magnetically-nonpermeable ma-
terial positioned between the plunger and the selec-
tively-operable electromagnet to preclude direct
contact therebetween as the plunger moves toward
the core spool member.

2. The valve of claim 1, wherein the pole piece sub-
stantially surrounds the peripheral side surface of the
plunger.

3. The valve of claim 1, wherein the supporting
means includes a first disk spring radially extending
from the plunger to the valve body adjacent at least a
portion of the pole piece, the first disk spring being
preloaded to bias the plunger toward the seat member
to the first plunger position when the selectively-opera-
ble electromagnet is inoperative.

4. The valve of claim 3, wherein the supporting
means includes a second disk spring radially extending
from the plunger to the valve body, the second disk
spring being spaced from the first disk spring with said
at least a portion of the pole piece located between the
first disk spring and the second disk spring.

5. The valve of claim 4, wherein the pole piece in-
cludes a base portion for affixing the pole piece to the
valve body and a flux-receiving portion extending radi-
ally toward the plunger, and further wherein the first
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disk spring and the second disk spring are attached to

the base portion with the flux-receiving portion posi-
tioned therebetween. |

6. The valve of claim 1, wherein the supporting
means includes at least two disk springs radially extend-
ing from the plunger to the valve body, one of the two
disk springs being attached to the plunger proximate the
first surface and the other of the two disk springs being
attached to the plunger proximate the second surface.

1. The valve of claim 6, wherein the two disk springs
are preloaded to bias the plunger toward the seat mem-
ber to the first plunger position; and further wherein

the pole piece includes a base portion for affixing the
pole piece to the valve body and a flux-receiving
portion positioned between the two disk spring.

8. The valve of claim 1, wherein the sealing surface of
the extension includes a retaining cavity for holding a
seal member insert, the seal member insert being posi-
tioned for sealing engagement with the seat member
when the plunger is moved to the first plunger position.

9. A solenoid valve for controlling fluid flow com-
prising: | |

a valve body made of magnetically-permeable mate-
rial and having a chamber defined therein, the
valve body including a first flow port and a second
flow port, both the first flow port and the second
flow port flmmdly communicating with the cham-
ber:;

a seat member located on the valve body within the
chamber, the seat member defining a mouth of the
first flow port;

a plunger provided within the chamber, the plunger
being made of magnetically-permeable material
and positionable along a longitudinal axis extend-
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ing through the mouth of the first flow port, such
that the plunger is positionable between a first
plunger position in sealing engagement with the
seat member to prevent flow through the first flow
port and a second plunger position spaced from the
seat member to permit flow through the first flow
port,

wherein the plunger includes a first surface having an
extension defined by a side wall and a sealing sur-
face for sealing engagement with the seat member
when the plunger is in the first plunger position, a
second surface opposite the first surface, and a
peripheral side surface extending between the first
surface and the second surface, the plunger further
having a through port extending therethrough
from the second surface of the plunger to the side
wall of the extension;

a spring assembly connected to and radially extend-
ing from the plunger to the valve body for support-
ing the plunger in alignment with the longitudinal
axis as the plunger is moved between the first
plunger position and the second plunger position;

a pole piece made of magnetically-permeable material
attached to the valve body within the chamber
proximate to and spaced from the plunger, at least
a portion of the pole piece being positioned adja-
cent the spring assembly;

a selectively-operable electromagnet having a mag-
netically-permeable core spool member located
along the longitudinal axis adjacent the plunger,
wherein selective operation of the selectively-oper-
able electromagnet moves the plunger toward the
selectively-operable electromagnet to the second
plunger position to form a magnetic circuit
through the plunger, the pole piece, the valve body
and the core spool member, and further wherein
the second flow port of the valve extends longitu-
dinally through the core spool member and is axi-
ally aligned with the through port extending
through the plunger for unobstructed flow through
the second flow port when the plunger is in the
second plunger position; and

a spacer member of magnetically-nonpermeable ma-
terial positioned between the plunger and the selec-
tively-operable electromagnet to preclude direct
contact therebetween as the plunger moves toward
the core spool member.

10. The solenoid valve of claim 9, wherein the spring
assembly includes at least two disk springs radially ex-
tending from the plunger to the valve body, one of the
two disk springs being attached to the plunger proxi-
mate the first surface and the other of the two disk
springs being attached to the plunger proximate the
second surface with at least a portion of the pole piece
positioned therebetween.

11. The valve of claim 6, wherein at least one of the
two disk springs includes an outer peripheral member,
an inner cuff member, and a plurality of S-shaped resil-
ient members extending therebetween.

12. The solenoid valve of claim 10, wherein at least
one of the two disk springs includes an outer peripheral

‘member, an inner cuff member, and a plurality of S-

shaped resilient members extending therebetween.
x *X % ¥ X
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